Light-induced degradation (LID) has been shown to significantly affect the performance of multicrystalline silicon (mc-Si) solar cells with aluminium oxide (AlOx) passivated rear side. Within this work, the impact of LID on the conversion efficiency of different silicon solar cell architectures with and without AlOx passivation is investigated. Under conditions representing realistic module operation, significant light-induced degradation of up to = -2.9 % rel in conversion efficiency has been observed for multicrystalline silicon (mc-Si) solar cells with AlOx passivation. This degradation has been found to be higher than the degradation of, both, a mc-Si aluminium back surface field (Al-BSF) solar cell and, remarkably, a Czochralski-grown silicon (Cz-Si) solar cell with AlOx passivation. For a more detailed investigation of the interaction of mc-Si and AlOx passivation during degradation, a photoluminescence-based "effective defect" imaging has been performed on AlOx-passivated mc-Si lifetime samples. The local effective defect lifetime related to recombination due to LID-induced defects is found to vary strongly in the range of eff,defect = 5 to 75 μs and, furthermore, areas with low effective lifetime could be identified as areas with relatively high dislocation density.
Introduction
In the past, the majority of studies on light-induced degradation (LID) within boron-doped p-type silicon have been focused on the formation of a boron-oxygen (BO) complex [1] [2] [3] [4] [5] and/or the dissociation of iron-boron (FeB) pairs [6] [7] [8] [9] [10] . Czochralski-grown silicon (Cz-Si) has been studied more extensively than multicrystalline silicon (mcSi) since it generally features relatively high oxygen concentrations in the range of [O i ] = 5×10 17 to 10 18 cm -3 leading to significant LID due to BO defect formation [11, 12] . The concentration of interstitial iron which is generally higher in mc-Si due to in-diffusion from the crucible and its coating [13, 14] can be reduced efficiently by gettering during phosphorus diffusion [15] . Concerning the BO complex, the process of regeneration is well-known [16] . (PECVD) aluminium oxide (AlOx) passivated rear side that can neither be explained by BO defect formation nor FeB pair dissociation and can even be higher for mc-Si compared to Cz-Si [17] . Furthermore, the authors have reported LID on mc-Si aluminium back-surface field (Al-BSF) solar cells being significantly higher at elevated temperatures [18] , which could also not be solely attributed to BO defect formation and/or FeB pair dissociation. In a recent study investigating Al-BSF cells and cells with PECVD AlOx passivated rear sides, the authors found the defect causing this significantly higher LID is unlikely to be a sole bulk defect and may also be related to changes in the passivation quality of the rear surface [19] . The passivation quality of atomic-layer-deposited (ALD) AlOx [20, 21] on p-type Si wafers has been reported to improve under light soaking at temperatures T 50°C indicating an increase of the fixed-charge density Q f [22, 23] . However, the authors are not aware of light-soaking studies on PECVD AlOx passivation on p-type silicon [24] , which is applied in Ref. [19] and this work.
This work investigates LID under conditions practically relevant for outdoor module operation. Within this work the key findings reported in Ref. [19] , where AlOx passivated mc-Si cells have been shown to be strongly affected under such conditions, are shown and discussed in more detail. Furthermore, the degradation of bulk lifetime in mcSi wafers and the stability of the rear-side passivation quality are investigated in order to determine the origin of the observed LID effect. In order to quantify the impact of the classical BO formation and FeB dissociation, the experimental setup shown in Fig. 1a is applied. For a detailed description of the individual steps up to the second annealing step and their effect on the defect states of BO and FeB, please refer to Ref. [19] . After a second annealing step, the BO complex should be inactive (annealed state) and FeB pairs should be dissociated. The cells are then submitted to a second light soaking step ("LID 2") at elevated temperatures, the temperature and carrier injection conditions chosen in a way to emulate conditions which are realistical to occur during module operation. The temperature is elevated to T 70°C representing a more critical but still realistic temperature for cells integrated in modules under field operation. Furthermore, the irradiation level is reduced to E 0.15 suns, being lower than the irradiation levels chosen in Refs. [17, 18] , in order to achieve an injection level in the cells which corresponds more closely to the injection level under operation at the maximum power point (MPP) rather than under open-circuit conditions. The cells are characterized by means of current-voltage (I-V) and suns-V oc [25] measurements in-between the steps as well as time-dependently during both light soaking treatments. Fig. 1b shows the investigated cell concepts. All cells feature a homogeneous front side emitter and screen-printed metallisation. Both, the PERC (Passivated emitter and rear cell) [26] and the BOSCO (BOth Sides COllecting and COntacted) [27] cells' rear side is passivated with a PECVD-AlOx. Furthermore the BOSCO cell features a rear-side emitter interconnected to the front side by diffused vias and disconnected from the rear base contact. All mc-Si cells are processed on neighboring wafers from standard (i.e., not high-performance [28] ) industrial mc-Si material from a centre block with a base resistivity of b 1.1 cm with the processes outlined in Ref. [29] . For the Cz-Si cell, an industrial wafer with b 2.5 cm has been used. For more details regarding the cell processes applied please refer to Refs. [19, 29] . The choice of cell concepts included in the study is motivated by the following considerations: i) Sensitivity towards degradation of bulk minority carrier diffusion length L bulk : The BOSCO cell's interconnected double-sided emitter allows for double-sided carrier collection. It has been shown that this leads to a relatively low sensitivity of the cell performance towards a decrease of L bulk compared to PERC and Al-BSF cells. For detailed explanation and an in-depth comparison of the cell concepts please refer to Ref. [29] . Therefore, the BOSCO cell should be the least and the PERC cell the most sensitive to a LID causing a degradation of L bulk . ii) Sensitivity towards changes in rear-side passivation quality: Both, the BOSCO and the PERC cells' rear side feature a PECVD AlOx [24] . Therefore, changes in the rear side passivation quality should affect all cells except for the Al-BSF cell. iii) Impact of mc-Si: In order to differentiate between defects affecting both mc-Si and Cz-Si and a specific mcSi related defect causing LID, the Cz-Si PERC cell is included as a reference.
LID on cell level

Experimental
Results
Upon the classical preparation of the different defect states of LID related to FeB/Fei and BO, all cells behave typically. While FeB pair dissociation only leads to minor changes in cell performance, BO formation leads to an efficiency degradation of = -4.5 % rel for the Cz-Si cell and an efficiency degradation of less than < |-1 % rel | for all mc-Si cells. The experimental results of "LID 1" are shown in Ref. [19] together with a detailed discussion of the impact of "LID 1" on cell performance. In summary, up to this point in the experiment, the conclusion could be drawn that mc-Si cells are affected less by LID than Cz-Si cells due to lower oxygen concentration. However, the behaviour significantly changes with modification of temperature and illumination level. Fig. 2 shows the relative degradation of the I-V parameters during "LID 2" at T = 70°C and E = 0.15 suns. The Cz-Si cell first degrades with a maximum LID of = -10.6 % rel after t = 70 h resulting in a lower absolute efficiency than the mc-Si PERC cell at this point, before it recovers almost completely. Both, the mc-Si PERC and the BOSCO cells degrade significantly more than the Al-BSF cell during "LID 2". After t = 390 h of illumination, an efficiency decrease of = -2.8 / -2.9 % rel is observed for the BOSCO / PERC and of = -1.3 % rel for the Al-BSF cell, respectively,. Furthermore, it can be observed that for all cells the losses in efficiency originate to a high degree from a degradation of the fill factor which at t = 390 h amounts to FF = -1.8 % rel and -1 % rel for the PERC/BOSCO and the Al-BSF mc-Si cell, respectively. The Cz-Si cell's fill factor degrades up to FF = -4.3 % rel after t = 70 h and then recovers. The LID being pronounced most strongly in the fill factor is a result of the injection dependence of the Shockly-Read-Hall recombination induced by the LID, which can be observed by suns-V oc measurements as discussed in Ref. [19] . As a further result of the injection-dependent recombination induced by "LID 2", the opencircuit voltage is affected least resulting in maximum degradation of V oc -1 % rel or less. As the BOSCO and PERC cells, i.e., the cell structures with the lowest and the highest sensitivity to bulk diffusion length, respectively, degrade to a similar degree, the degradation phenomenon observed upon "LID 2" seems to be unlikely caused by a sole bulk defect. Possible explanations for a higher defect concentration observed in the cell structures with passivated rear side compared to the Al-BSF cell may be potential aluminium gettering during Al-BSF formation, which could decrease a defect concentration in the Al-BSF cell resulting in lower LID. Furthermore, BOSCO and PERC cells feature an AlOx passivated rear side. Therefore, a degradation of surface passivation quality could be another possible explanation. To date, only an increase in passivation quality of non-PECVD deposited AlOx samples upon light soaking has been reported [30, 22] . A decrease in passivation quality could explain the distinct behaviour of both, the PERC and the BOSCO cell. With respect to the AlOx-passivated Cz-Si cell, the recovery in cell performance can at least partly attributed to a permanent regeneration of the BO defect [16] . If the passivation is partly responsible for the Cz-Si cell's first strong performance degradation, it seems to recover, too. Fig. 1a ) for all cells. Graphs taken from Ref. [19] and accompanying "Online Supporting Information".
Effective defect imaging on lifetime samples
Preparation of lifetime samples and experimental setup
In order to investigate the impact of the observed LID on the effective minority charge carrier lifetime of mc-Si passivated with PECVD AlOx, test samples have been prepared. To quantify the effects, similar mc-Si material from an edge block with a base resistivity of b 1.7 cm has been used to process symmetrical lifetime samples with planarised surfaces passivated with PECVD AlOx. The processing sequence was designed in a way to ensure maximum analogy to the cell process. That is, the samples have been textured and phosphorous diffused. After removal of the phosphorus silicate glass, the samples have been treated with potassium hydroxide to etch off the phosphorus emitter and planarise the texture. Subsequently, the wafers have been passivated with PECVD AlOx on Fig.  1a . Lifetime has been measured spatially resolved by means of lifetime-calibrated photoluminescence (PL) measurements [31, 32] in-between the different steps and time-dependently during the "LID 1" and "LID 2" treatment. Since a distinct injection-dependent recombination has been observed in the cell experiment, PL images have been recorded at an illumination level of G PL = 1 sun representing an injection level corresponding to opencircuit and G PL = 0.3 suns representing a lower injection levels close to the MPP. The PL signal has been calibrated to effective carrier lifetime via quasi-steady-state photo conductance (QSSPC) measurements [33] according to Ref. [31] . The measured effective carrier lifetime eff is related to the lifetime in the mc-Si bulk bulk and the lifetime given by surface recombination surf via 
To allow imaging of an "effective defect" which is activated upon the degradation, an effective defect lifetime eff,defect is defined, which is derived from the initial lifetime eff,initial after the first annealing step and the degraded lifetime eff,degraded after the different defect manipulation treatments via
Note, that eff,defect only reflects recombination due to instable defects which are activated upon the performed treatment but is completely free of any recombination via stable defects in the bulk or at the surface as these are subtracted out. Moreover, it is emphasized that the instable defects leading to eff,defect may be located either in the bulk or at the surface or is a combined effect, as eff,defect reflects an effective lifetime according to Eq. 1. Imaging of the local effective defect lifetime can be done if spatially-resolved lifetime measurements are performed via lifetime-calibrated PL in the initial and the degraded state according to Eq. 2.
Results
Fig . 3a shows the lifetime-calibrated PL images of a test sample in the initial state after the first anneal. For a PL intensity of G PL = 1 sun, the square-root harmonic mean of the local lifetime is eff,mean = 46 s with maximum local lifetimes up to eff 200 s. At the end of LID1 (t = 530 h, lifetime image not depicted), the square root harmonic harmonic mean is reduced to eff,mean = 27 s, which is even further reduced to eff,mean = 13 s after LID2 (t = 560 h). At the end of LID 2 the maximum local lifetime is reduced to values eff < 100 s as shown in Fig. 3b . The effective defect lifetime of all defects activated upon LID 2 is determined according to Eq. 2 from the PL images in the initial and the degraded state. As can be seen in Fig. 3c , areas with the lowest LID-induced recombination show a local defect lifetime eff,defect > 75 s, while in areas with high LID-induced recombination the local defect lifetime reaches values well below eff,defect < 10 s. For areas with low effective defect lifetime, no significant injection dependence of eff,defect can be observed between G PL = 1 sun and G PL = 0.3 suns. However, for areas with eff,defect > 50 s at G PL = 1 sun, the defect lifetime decreases when lowering the PL intensity to G PL = 0.3 sun. That is, the grains with high defect lifetime show a pronounced injection-dependence in the LID-induced recombination, which is in accordance with the observed behaviour on cell level.
If only one dominating defect was activated by LID, the strong lateral variation observed in the effective defect lifetime would be related to a strong lateral variation in the defect concentration. However, a superposition of more than one defect in the bulk and/or at the surface with differing individual defect lifetimes could be the reason for the resulting lumped effective defect lifetime eff,defect with strong lateral variations.
In the top row of Fig. 4 , two areas with neighbouring grains of high and low effective defect lifetime are depicted enlarged. In comparison with the PL image of the as-cut wafer shown in the bottom row of Fig. 4 , it can be seen that grains with high effective defect lifetime are free from visible dislocations whereas the grains with low effective The correlation between areas of low defect lifetime and high dislocation density may be due to the following reasons: i) Dislocation clusters are generally decorated by impurities that can form highly recombination-active bulk defects during the performed light-soaking that affect the bulk lifetime within the dislocation clusters and in neighbouring grains. In this case, low defect lifetimes would be due to bulk defects. ii)
In areas of high dislocation density surface passivation quality may be instable. For example, changes in micro-roughness compared with grains with lower dislocation densities could affect the interface between mc-Si and the PECVD-AlOx. In this case, low defect lifetimes would be due to surface passivation effects on the mc-Si surface. However, the dislocations in mc-Si seem to have a strong impact on the effective lifetime degradation of AlOxpassivated mc-Si wafers and, therefore, play a significant role in the LID of mc-Si solar cells with AlOx passivation.
Conclusion
Within this work, light-induced degradation (LID) under conditions commonly applied for the activation of the classical boron-oxygen defect, and, conditions relevant under module operation for mc-Si cells have been investigated. It has been shown that, under conditions practically relevant for module operation, mc-Si cells with PECVD aluminium oxide (AlOx) passivated rear sides degrade significantly more than both, a Cz-Si cell with PECVD AlOx passivation and a mc-Si Al-BSF cell without AlOx passivation. Furthermore, the same degree of conversion efficiency degradation of = -2.8 and -2.9 % rel has been observed for a BOSCO and a PERC cell, respectively, despite their significantly different sensitivity to bulk diffusion length L bulk . That is, a sole bulk defect seems to be unlikely to be responsible for the observed degradation and the rear side passivation seems to play a role as well. In order to further investigate the interaction of the rear-side passivation and the mc-Si bulk, an effective defect imaging including bulk and surface recombination has been performed on lifetime samples. The derived effective defect maps shows a strong variation in the local effective defect lifetime in the range of eff,defect = 5 to 75 s. Areas with low effective lifetime and, thus, high concentration of LID-induced defects could be identified as areas with relatively high dislocation density.
